Plasmids currently used for nonviral gene transfer have the excised in vivo after thermoinduction of the integrase gene disadvantage of carrying a bacterial origin of replication leading to the formation of two supercoiled molecules: the and an antibiotic resistance gene. There is, therefore, a minicircle and the starting plasmid lacking the expression risk of uncontrolled dissemination of the therapeutic gene cassette. In various cell lines, purified minicircles exhibited and the antibiotic resistance gene. Minicircles are new a two-to 10-fold higher luciferase reporter gene activity DNA delivery vehicles which do not have such elements than the unrecombined plasmid. This could be due to either and are consequently safer as they exhibit a high level of the removal of unnecessary plasmid sequences, which biological containment. They are obtained in E. coli by att could affect gene expression, or the smaller size of minisite-specific recombination mediated by the phage intecircle which may confer better extracellular and intracellular grase. The desired eukaryotic expression cassette bioavailability and result in improved gene delivery bounded by the attP and attB sites was cloned on a properties. recombinant plasmid. The expression cassette was
Introduction
immune stimulation is not required.
Plasmids currently used in preclinical and clinical trials
The aim of this work was to develop safer genetic of nonviral gene transfer contain a prokaryote origin of material for nonviral gene therapy. We produced superreplication and an antibiotic resistance marker, both of coiled recombinant DNA molecules, called minicircles, which are undesirable. Clinical use would lead to the diswhich contain only the therapeutic expression cassette. semination of prokaryotic replicative recombinant DNA These minicircles are the product of in vivo excision of in patients. Endogenous Enterobacteriacae, in which such the desired cassette by site-specific recombination plasmids replicate, may acquire the recombinant DNA between the two attP and attB sequences driven by E. coli resulting in an uncontrolled dissemination of the therabacteriophage integrase. We obtained and purified a peutic and antibiotic resistance genes. These recombinant minicircle carrying a luciferase expression cassette (lucbacteria might then have a selective advantage, partiminicircle). These minicircles have no plasmid backbone cularly if the corresponding antibiotic is administered.
sequences and thus avoid the deleterious effects of prokaMoreover, prokaryotic sequences can have other underyotic sequences present in the plasmid. In addition, sirable effects. For instance antibodies have been prothese recombinant molecules presented gene transfer duced against prokaryotic ␦-endotoxin after injection of properties superior to those of standard plasmids. Therea Bacillus thuringiensis plasmid carrying the ␦-endotoxin fore, minicircles are a promising alternative to plasmid gene, expressed from cryptic upstream eukaryotic DNA for nonviral gene therapy in terms of biosafety, expression signals. 1 Expression of the neomycin resistimproved gene transfer and potential bioavailability, due ance marker alters the expression of genes in mammalian to their minimal size. cultured cells. 2 Furthermore, elements in the plasmid backbone such as the ampicillin-resistance gene (Amp R ) result in a lower efficiency of transgene expression. 3 In
Results addition, short immunostimulatory DNA sequences, containing CpG dinucleotides, present in the prokaryotic Construction of pXL2650 backbone of plasmids, function as adjuvants for the Plasmid pXL2650 carries the Photinus pyralis luciferase immunogenic properties of plasmids encoding antigens. USA). Between the attP and attB sites the luc reporter gene is under the control of the SV40 early promoter, and upstream from the intron of the SV40 small-t antigen, the SV40 early polyadenylation signal and an enhancer from the SV40 early promoter.
Production of luc-minicircle
The attP and attB sites are two short fragments of the phage genome and the E. coli chromosome, respectively. Phage integrase mediates the integration of the circular phage genome in the E. coli chromosome by recombination. This reaction needs two host proteins (FIS and IHF) [5] [6] [7] in addition to the integrase. If the two att sites are in the same orientation on the same replicon, the recombination will result in the excision of a supercoiled molecule. 8 Thus, Int-mediated recombination of pXL2650 ( Figure 1 ) will lead to a minicircle with a luc-cassette of 3.4 kb and a 4 kb pXL2650-derivative containing the origin of replication, the antibiotic marker gene and the recombinant site attL termed a miniplasmid. The minicircle carries only the reporter gene, with eukaryotic expression signals, and the recombinant site attR ( Figure  1) . The E. coli strain D1210HP was used in this study; it is a derivative of D1210 and harbors a thermosensitive lysogen (xis kil − cI857) defective for lethal and lytic functions of the prophage thus preventing cell lysis. 9 Upon thermal shift to 42°C the induction of a lytic cycle occurs and the integrase is produced resulting in the Intmediated reaction. However, the reverse reaction requiring the Xis protein does not occur since the lysogen is xis − . Subsequently, the E. coli DNA topoisomerase IV will decatenate the two products of the reaction. 10 Plasmid DNA extracts from D1210HP pXL2650 cultures shifted from 30°C to 42°C contained the expected resolution products of pXL2650 (Figure 2a ), ie the lucminicircle and the miniplasmid. Restriction digests with HindIII, NsiI and SphI which cut only the luc-minicircle at one, two and three sites, respectively, gave the expected fragments and left the miniplasmid uncut (Figure 2b) . AlwNI, MluI, SnaBI, ScaI and XmnI for which there are restriction sites only in the miniplasmid gave the expected patterns of digestion leaving the luc-minicircle undigested (Figure 2b ). This recombination was not observed in D1210HP pXL2650 cultured at 30°C or in D1210 harboring pXL2650 indicating it was Int-mediated ( Figure 2a) . Thus Int can mediate in vivo excision of a therapeutic gene expression cassette. The yield of unrecombined plasmid was around 40% of the starting material indicating that the reaction has to be improved. showed that the supercoiled luc-minicircle preparation the luc-minicircle. E. coli DNA topoisomerase IV is required for the decatwas free of pXL2650 and the miniplasmid (Figure 3) . P-labeled probe for the luccassette. Luc-minicircle preparations were also analyzed circles (supercoiled plasmid DNA preparations are often contaminated by both nicked and dimer forms of the after treatment with E. coli DNA topoisomerases I, II and IV. Topoisomerase II (gyrase) supercoils relaxed molplasmid). Indeed, the mobility of band A corresponded with that of the luc-minicircle dimer as estimated by comecules, whereas topoisomerase I and IV relax supercoiled molecules. DNA from band A and luc-minicircle DNA depended not only on the molarity of the luc-cassette but also on the amount of DNA used. Similar results have were relaxed by topoisomerase I and IV, but gyrase had no effect (data not shown). This indicates that the DNA been reported by Barthel et al. 12 We found that there was a linear relationship between the amount of pXL2650 in band A corresponds with supercoiled luc-minicircle dimer and that the luc-minicircle is supercoiled. The elecused to transfect NIH 3T3 cells and the resulting luciferase activity ( Figure 4 ) but only when the total amount of trophoretic mobility of DNA in band B was not affected by the action of any topoisomerase indicating that it was DNA added was fixed (1 g), plasmid pBluescript II KS being used as carrier DNA. This plasmid contains only nicked DNA, presumably nicked luc-minicicle generated during the purification and storage of the supercoiled prokaryotic DNA and presumably does not interfere with the eukaryotic transcription machinery and luc-cassette preparation. Therefore, the purified luc-minicircle preparation was indeed free of miniplasmid and expression. When no carrier DNA was added, the relationship unrecombined plasmid.
Purification of the luc-minicircle
between the pXL2650 concentration and luciferase activity was not linear: there was a lag in the response, Influence of total DNA concentration on transfection efficiency ie low transfection efficiency at low DNA concentration (0.1 and 0.2 g per assay). Therefore, to compare the We developed a transfection protocol allowing the comparison of gene expression from DNAs of different moltransfection efficiencies of supercoiled molecules of different sizes, carrier DNA was used so that the total ecular weights.
Transfection experiments were performed using the amount of DNA was the same in each assay. DNA transfer agent RPR 120535 which consists of a dioctadecyl lipid moiety linked to a spermine head group via Luciferase activities from luc-minicircle transfected cells The potency of luc-minicircle for luciferase gene a primary amine to generate a linear structure. This lipopolyamine has in vitro transfection properties in the same expression was studied by transfections with 1 g of pXL2650, 0.81 g of pGL2 control or 0.46 g of luc-minirange as those of standard cytofectins.
11 Luc gene expression efficiencies for luc-minicircle (3.4 kb), pGL2 circle per assay with a complement of pBluescript KS II to 1 g as necessary. The molarity of the luc-cassette was control (6 kb) and pXL2650 (7.4 kb) should ideally be compared using the same quantity of luc-cassette, and thus the same for all tests. Three charge ratios (3, 6 and 9) of RPR120535 to DNA were assayed. thus differing amounts of total DNA. However, in preliminary experiments the efficiency of transfection Five different cell lines were studied: NIH 3T3 (murine
Influence of plasmid size on transfection efficiency
To confirm that the size of the supercoiled molecule affects the efficiency of gene transfer, we constructed a large (15.3 kb) plasmid, named pXL3067, containing the luc-cassette. This plasmid has a backbone derived from pRK415 15 and the same luc-cassette as pGL2 control and pXL2650. Cells were transfected with 1 g of pXL3067, 0.49 g of pXL2650, 0.39 g of pGL2 control or 0.22 g of luc-minicircle (equivalent molarity of luc-cassette) made up to 1 g with pBluescript KS II. Transgene expression in H460, NIH 3T3 and RSM cells transfected with pXL3067 was 19-, 76-and 545-fold lower, respectively, than in the same cell lines transfected with lucminicircle ( Figure 6 ). These results indicate that the larger the transfected supercoiled molecule, the lower the transfection efficiency. or antibiotic resistance marker and are thus safer than plasmids currently used in preclinical and clinical trials. The probability that minicircles would be disseminated following their use for gene therapy is low due to the lack of bacterial replication origin. We cannot exclude the fibroblast), H460 (human nonsmall cell lung carcinoma), 3LL (mouse Lewis lung carcinoma), human aortic smooth possibility that an E. coli lysogenized by phage could integrate the minicircle into its genome, through homolomuscle (HSM), and rabbit aortic smooth muscle (RSM) cells. Human smooth muscle cells are interesting for gene gous recombination between attR sites. However, this would require two low probability events: the presence transfer purposes because of their proximity to the lumen surface and their abundance in the vessel wall. 13 The of an E. coli lysogen and homologous recombination. The same is true for standard plasmid antibiotic resiststrength of reporter gene expression (highest to lowest) was RSMC, NIH 3T3, 3LL, H460 to HSMC. This is not ance genes, whose homologous genes could be carried not only by E. coli, but also many other bacteria. We show surprising as expression of reporter genes in HSMC is much lower than that obtained in cell lines commonly that minicircles have higher transfection efficiencies than commonly used plasmids and much higher efficiencies used for transfection, such as NIH 3T3 fibroblasts, especially with the SV40 early promoter. 14 The results of than larger plasmids. The differences were partly cell dependent, the largest differences being observed with the transfection experiments are shown in Figure 5 , with luciferase activities normalized for total protein content.
Discussion
RSM and HSM cells. An alternative strategy to obtain minicircles is to use No activities above background were detected in lysates of cells transfected with DNA in the absence of cationic in vitro recombination involving either a recombinase, or restriction digestion followed by ligation. However, such lipid (data not shown). Luc-minicircles expressed luciferase activity in all the cell types tested. The activities, meaapproaches would be difficult to scale up for industrial use whereas in vivo recombination is simple and only sured as relative light units (RLU), were two-to four-fold (3LL and NIH 3T3), five-to seven-fold (H460) and 10-fold needs the production of recombinase to be induced. The backbone sequences in the luc-minicircle are only (RSM) higher in tested cells transfected with the lucminicircle, than with the unrecombined plasmid 290 bp long, shorter than the 2.5-3 kb 16 and 2 kb 17 of the backbones in standard and improved plasmids used in pXL2650. In HSM cells no significant luciferase activity was detected following transfection with pXL2650, the clinic for nonviral gene transfer. Overall, minicircles are about half the size of standard plasmids assuming the whereas transfection with luc-minicircle gave 840 RLU/g of protein, the background being lower than transgene is shorter than 1 kb (the case for growth factors and cytokines, for example) and expressed under the con-6 RLU/g of protein. These findings were confirmed with three independent delivery has been attributed to low extracellular and intracellular bioavailability of the delivered complexes or preparations of luc-minicircle, pGL2 control and pXL2650 DNA, showing that they were not a preparation effect.
plasmids. As minicircles are smaller than standard plasmids, under particular conditions of complex formation, The experiments were reproduced between two and four times in each cell line, giving the same ratio of RLU complexes between cationic lipids and minicircle could be smaller than those obtained with standard plasmids, between supercoiled molecules. Moreover, in NIH 3T3 a dose-response study showed that the observed effect was assuming that complexes form between one DNA molecule and the transfecting agent. Small complexes should conserved at least from 1 to 0.5 g of DNA per well. (3, 6 and 9) with the same molarities of luc-cassette and the same amount of total DNA (1 
g). Results are given in RLU/g of protein for NIH 3T3 fibroblasts (a), 3LL carcinoma cells (b), H460 carcinoma cells (c), RSM cells (d) and HSM cells (e). T bars indicate the standard deviation (s.d.).
bioavailability, again dependent on the size of the delivered material. Indeed, DNA migration from the cytoplasm to the nucleus appears to be a crucial step for successful gene transfer. 19 It has been shown that the rate of protein transport from the cytoplasm to the nucleus is influenced by the number of nuclear localization sequences per protein, and most importantly by the size of the protein. 22 Similarly, the size of transfected DNA molecules may determine their diffusion and/or transport to the nuclear pore. It has been reported that the percentage of ␤-galactosidase-positive myotubes following injection of plasmid DNA carrying the lacZ gene increases as the site of injection is closer to the nucleus, 23 indicating that the diffusion of the plasmid from a site in the cytoplasm distant to the nucleus may be limiting. 23 The efficiency of gene expression from linear and supercoiled DNA is different. Buttrick et al 24 showed that luciferase activity is 50-to 100-fold greater for supercoiled plasmids than for linear forms. In our experiments the topology of transfected DNA molecules was investigated by agarose gel electrophoresis. Luc-minicircle, pGL2 control, pXL2650 and pXL3067 preparations contained similar ratios of relaxed to supercoiled forms. Differences in the topology of the transfected DNA molecules are thus unlikely to be the reason for the differences of reporter gene activities observed.
The enhanced gene delivery properties of minicircles may be due to absence of plasmid sequences, since plasmid backbone elements have been shown to have an effect on gene expression. The replacement of an ampicillin resistance gene by a kanamycin gene led to a twofold increase in luciferase activity. 3 In our experiments, although all the molecules tested carry the same luc-cassette, it is surrounded by different sequences that might interfere with expression. For instance, small differences in supercoiling of the molecules, the presence of cryptic sites for the binding of transcription factors or short bacterial immunostimulatory sequences which have been shown to interfere with gene expression by stimulating IFN-␣ 4 production might be responsible for all or part of the observed effects.
The luc-minicircle was purified on density gradients, a method which is not acceptable for purification of clinical grade material. Only chromatographic methods are suitable for preparing clinical grade DNA but they would not allow the separation of minicircle from miniplasmid. 25 We have developed an affinity chromatographic technique for the purification of plasmid DNA based on an immobilized oligonucleotide and a specific sequence and pXL3067) at three charge ratios of RPR120535 to DNA with three present on the plasmid. 26 This method could easily be
cells lines: NIH 3T3 fibroblasts (a), H460 carcinoma cells (b) and RSM
applied to separate minicircles from miniplasmids by
cells (c). T bars indicate the standard deviation (s.d.).
cloning a short homopurine sequence next to the transgene cassette, thus allowing the specific triple helix interaction between minicircle and an appropriate have better characteristics than larger complexes mainly oligonucleotide covalently coupled to a chromatobecause their diffusion coefficient is higher: the diffusion graphic support. coefficient is inversely proportional to the molecular The yield of recombination would have to be close to weight of the complex.
18
100% to avoid contamination with unrecombined plasComplex size also plays a role in endocytosis, the mid during affinity chromatography. This could be mechanism by which complexes enter the cell. 19, 20 This achieved by optimizing the culture conditions of the step is limited by the size of particles that can be taken recombinant E. coli and by overexpressing int. If these up 21 and complexes of diameter greater than 200 nm are approaches are unsuccessful, affinity chromatography not efficiently taken up by the endocytic pathway.
Another possible advantage of minicircles is better specific for sequences present in the miniplasmid and the unrecombined plasmid would allow elimination from the were grown overnight at 30°C in LB Ap, diluted 1/100 in LB Ap and incubated at 30°C until the OD 610 reached 2. minicircle preparation.
The phage lytic cycle was induced by a thermal shift to 42°C for 10 min. The cultures were further incubated for
Materials and methods
30 min at 30°C and bacteria then harvested. Extra chromosomal DNA was purified from these cells Standard DNA manipulation by a standard plasmid DNA purification technique, 27 All standard manipulations, including digestion by using CsCl-EtBr density gradients. The purified DNA restriction enzymes, purification of DNA fragments by was then digested with AlwNI and XmnI. A second denelectroelution, electrophoresis of DNA, E. coli transformsity gradient allowed the separation of the luc-minicircle ation, purification of supercoiled DNA by a CsCl-EtBr from the linearized miniplasmid and pXL2650. density gradient, and Southern blot analysis were perforLuc-minicircle preparations were concentrated 10-fold med according to previously described techniques. 26 with an ultrafree- 15 28 plemented with 100 units/ml of penicillin, 100 units/ml (Perkin Elmer, Courtaboeuf, France) and purified as preof streptomycin, 20 mm l-glutamine and 10% fetal calf viously described. 29 Supercoiled and 1 kb linear DNA serum (Gibco-BRL) was used for NIH 3T3 (ATCC, Rockladders were from Gibco-BRL and Promega, respectively.
ville, MD, USA), 3LL, 25 H460 cells. 33 RSM cells were obtained as previously described 34 and were grown in Plasmid construction the same medium as above except that 20% fetal calf Plasmid pXL2648 was constructed from pNH16a 9 which serum was used. contains the attP site of bacteriophage . The attB site was Smooth muscle cell basal medium (Clonetics, San introduced into pNH16a using oligonucleotides, 5476
Diego, CA, USA) supplemented with 5 mg/l bovine insu-(5Ј-AATTGTGAAGCCTGCTTTTTTATACTAACTTGAlin, 50 mg/l gentamicin sulfate, 50 g/l amphotericin-B, GCGG-3Ј) and 5477 (5Ј-AATTCCGCTCAAGTTAGTA-0.5 g/l human epidermal growth factor, 2 g/l human TAAAAAAGCAGGCTTCAC-3Ј), which reconstitute the fibroblast growth factor and 10% fetal calf serum minimal attB sequence. 5 The two oligonucleotides were (Clonetics) was used for HSM cells (AOSMC 2708; hybridized and ligated into the EcoRI site in pNH16a Clonetics). Confluent cells were trypsinized and seeded giving plasmid pXL2648 which has an EcoRI site between in 24-well microtiter plates. Cells were transfected at 60-the attP and attB sequences which are in the same 80% confluence, which corresponds to 18 h after seeding orientation.
for NIH 3T3, 3LL, H460, RSM cells and 1 week after seedPlasmid pXL2649 was constructed by inserting the ing for HSM cells. DNA solution in 150 mm NaCl were mixed and incuPlasmid pXL3040 corresponds to pGL2-control in bated for 10 min at 20°C. Cells were transfected with which the 1.6 kb BamHI-Km R -BamHI fragment of either pXL2650, pGL2 control, luc-minicircle or pXL3067. pUC4KIXX was inserted into the BglII site. Plasmid
The total amount of DNA added to each well was pXL3067 was constructed in inserting the 5.1 kb BamHIadjusted to 1 g with pBluescript KS II (Stratagene Clonluc-Km R -NheI fragment from pXL3040 between the XbaI ing System, La Jolla, CA, USA). Cells in 24-well microtiter and BamHI sites in pRK415, 15 leading to a 15.3 kb plasmid plates were washed before transfection with 500 l of harboring the same expression cassette as pXL2650.
serum free-medium, once for HSM and RSM cells and twice for NIH 3T3, 3LL and H460 cells. Transfections were performed in 500 l of serum-free medium by Production of luc-minicircle E. coli was grown in LB medium supplemented with adding 50 l of lipid per DNA solution to each well. Each transfection experiment was performed in triplicate. The 50 g/ml of ampicillin (LB Ap). Plasmid pXL2650 was introduced into two E. coli strains, D1210 [F-hsdS20, supE44, media were supplemented 2 h after transfection with either 10% of the appropriate serum for NIH 3T3, 3LL, ara -14, galK2, proA2, leuB6, rpsL20, xyl5, mtl1, recA 
